Active Membrane Properties-Action Potentials
Spontaneous action potentials were recorded (KMeSO 4 in the pipette) from the hypocretin neurons in LH slices under current clamp at resting membrane potential (Figure 2C ). Single spikes were followed by an afterhyperpolarization, and spontaneous excitatory postsynaptic potentials were common between spikes. The spontaneous action potential amplitude was 78.1mV Ϯ 1.4mV (range 72.4mV to 88.4mV, n ϭ 15). Under control conditions, the spike frequency was 2.58 Ϯ 0.55 Hz (range from 0.17 to 6 Hz, n ϭ 13). When the sodium channel blocker tetrodotoxin (TTX, 0.5 M) was bath applied, action potentials were completely blocked, showing that the spikes were sodium-based TTX-sensitive spikes ( Figures 2D-2F ). In order to investigate active membrane properties of hypocretin neurons, ramp and step current injections were used to study action potentials. Upon sustained current injection, hypocretin neurons showed robust action potentials ( Figure 2G ). The action potential 
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). When hippocampal neurons are subjected to continuous depolarizing conditions using experimental paradigms, the frequency of spikes slows down over time, showed relatively little GFP expression. These results a phenomenon called "spike frequency adaptation" indicate that GFP is a reliable marker for hypocretin (Madison et al., 1987; Madison and Nicoll, 1988 ). In conneurons but that, in fixed sections, not every hypocretin trast, in hypocretin neurons, little spike frequency adapimmunoreactive cell expresses sufficient GFP to detect. tation was seen in response to a continuous depolarizing This could in part be due to low levels of expression in current step pulse (from 20 pA to 180 pA, duration 3 s, some cells or to the attenuation of GFP fluorescence Figure 2G ). Hypocretin cells fired repetitively throughout due to the combination of fixation, Triton X-100 permeathe depolarizing current step up to 180 pA (duration 3 bilization, and the long series of washes during immunos) but did not fire throughout the current step with 200 staining. We have previously shown that GFP expression pA or more. in transgenic mouse neurons does not alter resting Two methods of current injection were used to test membrane potential, input resistance, current-voltage how fast hypocretin neurons can fire, ramp and fast step relations, spike threshold, or hypocretin responses (van pulses. Figure 2H shows a representative example of den . the response of a hypocretin neuron to current ramp As the immunocytochemistry substantiated the fact pulse. The first action potential half-width was 1 ms, but that neurons that expressed GFP under a hypocretin the last one was 3.4 ms, an example of spike broadening. promoter were also immunoreactive for the peptide, we Figure 2H (box) shows the fastest ten spikes of that used GFP expression to find and selectively record from cell. With ramp stimuli, hypocretin neurons fired at a hypocretin neurons. frequency up to 200 Hz. Single brief depolarizing pulses (2 ms duration) were also used to examine the maximum frequency of action potentials. All neurons tested with Passive Membrane Properties 100 Hz stimulation followed at the same rate.
With 200 of Hypocretin Neurons
Hz stimulation frequency, 3 of 18 cells followed the rate. Whole-cell patch clamp recording was used to record Some hypocretin neurons can fire remarkably fast when green hypocretin neurons under voltage and current stimulated at a high frequency. Figure 2I shows this fast clamp in hypothalamic slices in the following experispiking behavior of a hypocretin neuron. The amplitude ments. The mean resting membrane potential of hypoof injected current was 1 nA (2 ms). The hypocretin cretin neurons was Ϫ57.11mV Ϯ 1.0mV, ranging from Ϫ50mV to Ϫ68mV (n ϭ 30); mean input resistance was neuron followed a stimulation frequency of 333 Hz. Glutamate and GABA Input to Hypocretin Neurons a mean depolarization of 41mV Ϯ 4mV, range 25mV to 57mV (n ϭ 11) when the neurons were recorded at To confirm that hypocretin neurons expressed ionotropic GABA or glutamate receptors, we bath applied Ϫ60mV (Figures 3B and 3E ). NMDA depolarized neurons by a mean of 25mV Ϯ 3mV, range 10mV to 47mV (n ϭ GABA and glutamate agonists. Application of glutamate agonists NMDA (50 M; tested in zero Mg 2ϩ ) and AMPA 11) at Ϫ60mV ( Figures 3C and 3F ). The inward currents induced by AMPA were from 550 to 1850 pA with a mean (50 M) each depolarized neurons in current clamp and evoked inward currents in voltage clamp. AMPA induced of 1.3 Ϯ 0.2 nA (n ϭ 7) (holding potential Ϫ60mV). NMDA To determine the role of GABA and glutamate in syn-1 to 6.5 Hz) (mean increase 366% Ϯ 92%, range 180%-800%) (n ϭ 6) ( Figure 4A ). In one hypocretin neuron that aptic regulation of hypocretin neurons, we used selective ionotropic antagonists of these two fast amino acid did not fire under control conditions, Hcrt-2 initiated action potentials at a frequency of 2 Hz. neurotransmitters. In order to differentiate EPSCs and IPSCs, KMeSO 4 was used in the pipette solution. EPSCs
The spike frequency increase induced by Hcrt-2 in hypocretin neurons could be due to direct or indirect were recorded as inward currents (downward), and IPSCs were outward currents (upward), as shown in actions of the peptide. To clarify the mechanism by which hypocretin depolarized hypocretin neurons, we Figure 3G with cells held at Ϫ35mV. The addition of the GABA-A receptor antagonist bicuculline (30 M), used AP-5 and CNQX to block glutamate synaptic transmission. AP-5 and CNQX blocked excitatory synaptic together with the AMPA and NMDA receptor antagonists AP-5 (50 M) and CNQX (10 M), blocked all synaptic activity and attenuated spontaneous spike frequency, reducing it from 3.7 Ϯ 0.7 Hz (range 1.1-6 Hz) to 0.8 Ϯ events with a minimum current of 5 pA, suggesting that glutamate and GABA transmission were the primary syn-0.3 Hz (range 0-2 Hz, n ϭ 7, Figure 4B ). In addition, AP-5 and CNQX blocked the hypocretin-mediated increase aptic inputs to the hypocretin neurons ( Figure 3G baseline events in the presence of AP5 and CNQX and miniature PSCs were observed. Similar to spontaneous PSCs, at a membrane potential of Ϫ60mV, most miniashowed no change when Hcrt-2 (2 M) was added (4% Ϯ 1% of baseline). PSP frequency recovered to 87% Ϯ ture currents were determined to be mEPSCs. Using an algorithm based on fast rise and fall time (Bekkers and 24% of control after washout of Hcrt-2, AP-5, and CNQX.
Because hypocretin did not excite the hypocretin neuStevens, 1995) typical of glutamate-mediated mEPSCs, recorded mEPSCs had a baseline frequency of 4.7 Ϯ rons directly, we postulated that the enhanced action potential firing in the presence of Hcrt-2 might be due 1.0 Hz (range 2.4-10.1 events/s, n ϭ 7). The amplitude of mEPSCs was from 7.1 to 65 pA, with a mean of to increased excitatory synaptic transmission. We tested this hypothesis by examining the effect of Hcrt-2 15.0 Ϯ 0.3 pA (n ϭ 7). Coapplication of Hcrt-1 ϩ Hcrt-2 increased the frequency of mEPSC to 179% Ϯ 24% on the glutamate synaptic input to the hypocretin neurons. Spontaneous PSCs were observed, and most of (range 113%-303%, n ϭ 7) ( Figure 6A ), a statistically significant increase (ANOVA test, p Ͻ 0.05). The frethese were EPSCs. PSCs were recorded from hypocretin neurons clamped at a normal resting membrane poquency of mEPSCs returned to 110% Ϯ 3.5% after washout. Cumulative probability distributions of the amtential of Ϫ60mV. The baseline frequency of sEPSCs was 4.3 Ϯ 0.6 Hz (range 1.9-13.7 Hz, n ϭ 19). Hcrt-2 plitudes in control, Hcrt-1 ϩ Hcrt-2, and washout groups were determined and showed little difference between (2 M) increased the frequency of spontaneous postsynaptic activity to 140% Ϯ 17% (range 100%-227%; n ϭ control and hypocretin stimulation ( Figure 6B ), as suggested by a Kolmogorov-Smirnoff test (p Ͼ 0.05). Appli-8, p Ͻ 0.05, Figure 5A ), and after washout of Hcrt-2, the frequency of spontaneous postsynaptic activity recation of AP5 (50 M) and CNQX (10 M) completely blocked mEPSCs (n ϭ 7). These data suggest that hypoturned to 97% Ϯ 8.5%. In the presence of bicuculline, Hcrt-2 (2 M) induced a large increase in the frequency cretin can act directly on axon terminals innervating hypocretin neurons to enhance the release of excitatory of EPSCs (mean increase to 195% Ϯ 27%, range 112%-389%, n ϭ 9, p Ͻ 0.05, Figure 5B ). The frequency of transmitters. The excitatory transmitter increased was probably glutamate, as both small and large excitatory EPSCs returned to baseline levels (107% Ϯ 9.0%) after Hcrt-2 washout. Hcrt-1 also increased the frequency of synaptic events were blocked by the selective glutamate receptor antagonists AP5 and CNQX. EPSCs (mean increase to 255% Ϯ 69%, range 112%-639%, n ϭ 7, p Ͻ 0.05), and the frequency of EPSCs When hypocretin cells were maintained in 0.5 M TTX, Hcrt-1 and Hcrt-2 had no effect on membrane potential returned to 111% Ϯ 9.2% after Hcrt-1 washout.
After Hcrt-1 and Hcrt-2 were individually tested, or input resistance ( Figure 6C ). The membrane potential and input resistance were Ϫ59mV Ϯ 2.8mV (n ϭ 8) and Hcrt-1 and Hcrt-2 were coapplied to hypocretin neurons. Coapplication increased the frequency of EPSCs to 301 Ϯ 37 M⍀ (n ϭ 6), respectively, in the presence of TTX; when Hcrt-1 and -2 were coapplied in the presence 329% Ϯ 75% (range 237%-376%, n ϭ 3, p Ͻ 0.05), and the frequency of EPSCs returned to 123% Ϯ 9.9% after of TTX, the membrane potential was Ϫ59mV Ϯ 2.4mV (p Ͼ 0.05), and input resistance was 290 Ϯ 40 M⍀ (p Ͼ washout ( Figures 5C-5I ). The frequency of sEPSCs returned to the baseline level after washout of Hcrt-1, -2, 0.05). Thus, Hcrt-1 and -2 had no detectable direct effect on either membrane potential or on input resistance and Hcrt-1 ϩ Hcrt-2 in each case, respectively. when spikes were blocked.
Hypocretin Enhances Release of Glutamate on Hypocretin Cells by a Presynaptic Mechanism
Glutamate Axons Contact Hypocretin Cells: Immunocytochemistry Miniature synaptic currents can be used to test the potential for modulator effects directly on axon terminals.
Glutamatergic In current clamp, both NE (50 M) and 5HT (100 M) inhibited spike frequency, in some neurons blocking spikes entirely (Figures 8A and 8E) . NE reduced spike frequency substantially to 16% Ϯ 11% from a baseline frequency of 2.3 Hz (n ϭ 11), and 5HT reduced it to 7% Ϯ 7% from a baseline of 2.6 Hz (n ϭ 9). Spike frequency returned to normal levels upon washout of the transmitters (Figures 8A and 8E) . To determine if this project directly to the hypocretin neurons, our data sugIn many experiments, we tested both Hcrt-1 and -2. gest that this negative feedback would tend to depress We found no obvious difference in the response to the the output of the hypocretin neurons. This would undertwo peptides that are both products of the same preproline the potential importance of some other mechanism hypocretin. As both peptides are synthesized by the that would recruit or orchestrate the output of the hyposame hypocretin neuron, both would be released simulcretin cells, potentially the model that we describe taneously, and testing both peptides simultaneously above based on a glutamate neuron near the hypocretin probably approximates the actual released peptides neuron that is excitatory to hypocretin neurons. more closely than testing one peptide at a time. As expected, coapplication of both peptides generated Physiology of Hypocretin Neurons greater responses than each of the single peptides. The
We examined the passive and active membrane properhypocretin receptor-1 (orexin receptor 1) is substantially ties of hypocretin neurons. Hypocretin neurons tested more sensitive to Hcrt-1, whereas hypocretin receptor-2 in this study appeared for the most part electrophysio-(orexin receptor 2) shows a similar sensitivity to Hcrt-1 logically homogeneous. They had similar membrane reand -2 (Sakurai et al., 1998) In normal slices, the spontaneous spike frequency was the positive feedback? One possibility is that either the on the order of 1-3 Hz, and this increased by a factor hypocretin cells or the local glutamate neurons receive of two to 3-fold in the presence of hypocretin. All hypoadditional synaptic input from inhibitory systems that cretin neurons tested easily fired at a 100 Hz rate. The would reduce activity. We did find evidence that hypomaximum firing rate detected was 333 Hz. This is a cretin neurons received direct inhibitory synaptic input remarkably fast rate for a hypothalamic neuron, and we from GABAergic neurons. An increase in activity of these are unaware of any other hypothalamic neuron that has inhibitory cells could be generated by a number of feedbeen shown to fire faster ( 
